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ABSTRACT 


This  report  sumn:arizes  research  conducted  under  AFOSR  contract  No.  87-0383A  during 
the  period  July  1,  1987  to  May  31, 19?!.  The  objective  of  research  was  to  better  undeirUu'id  the 
performance  of  ceramic  and  glass  matrix  composites  through  experimental  characteriTation  and 
analytical  modeling  of  the  composite  mechanical  properties.  Although  not  a  research  objective 
originally,  processing  was  also  added  to  the  research  effort  at  a  later  stage  pdmarily  in  the  area  of 
textile  ceramic  matrix  composites. 

The  research  effort  can  be  categorized  into  three  major  areas.  Sectioa  1  of  the  report 
summarizes  research  on  continuous  fiber  reinfcxced  ceramic  matrix  composites.  A  systematic 
investigation  of  the  damage  development  and  failure  behavior  of  Nicalon  SiC  nber  reinfraced 
calcium  aluminosilicate  composites  was  iirst  conducted  through  mechanical  testing  and 
microscopy.  Then,  an  analytical  effort  was  made  to  examine  the  firacture  behavior  and  thermal 
shock  resistance  of  continuous  fiber  reinforced  ceramic  matrix  composites.  Section  2  is  on 
whisker  and/or  short  fiber  reinforced  ceramic  matrix  composites.  The  effext  included  analytical 
nxxlcling  of  crack  deflection  and  creep  behavior  of  whi  jker  reinforced  composites,  characterization 

of  fiacture  mechanisms  in  whisker/short  fiber  ceramic  composiies  at  elevated  temperatures  and 
experimental  investigation  of  hi.  j  temperature  creep  behavior  of  the  SiC^/A/203  composite 

system.  Section  3  is  on  prcx:cssing.  Two  research  efforts  have  been  reported.  In  one,  the  kinetics 
of  the  chemical  vapor  infiltration  (CVI)  process  for  fabricating  continuous  fiber  reinforced  ceramic 
composites  was  modelled  for  both  isothermal  and  forced  CVI  conditions.  In  the  other  effort,  sol- 
gel  processing  route  was  used  to  devt  lop  three-dimensionally  reinforced  textile  (woven  and 
braided)  ceramic  composites. 

The  results  of  this  research  program  have  been  shared  with  the  ceramic  composites 
community  through  26  research  publications  and  22  conference  presentations.  A  total  of  six 
doctoral  students,  one  masters  student,  and  one  research  associate  have  devoted  their  effort  to  this 
research  program;  three  of  them  have  received  partial  or  full  financial  support  from  the  program. 

All  of  their  work  is  cited  in  this  repoTL 
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1.  CONTINUOUS  FIBER  REINFORCED  CERAMIC  MATRIX  COMPOSITES 


1 . 1  TENSILE  BEHAVIOR  OF  NICALON  SIC  FIBER  REINFORCED 

CALCIUM  ALUMINOSILICATE  COMPOSITES 

Shaio>Wen  Wang 
Azar  Parvizi'Majidl 

An  investigation  of  processing  and  mechanical  behavior,  paiticularly  damage 
evolution  and  failure  mechanisms,  of  continuous  fiber  reinforced  glass  and  glass-ceramic 
composites  was  conducted 

The  processing  effort  utilized  a  slurry  infiltration/hot  pressing  technique  to  fabricate 
carbon  fiber  reinforced  borosilicate  glass  and  Nicalon  SiC  fiber  reinforced  borosilicate 
glass  composites.  A  slurry  infiltration  prcpiegging  setup  was  designed  aiid  successfully 
operated  Processing  parameters  including  slurry  composition,  binder  burnout  cycle  and 
hot-pressing  schedule  were  systematically  studied  and  opamzed. 


Mechanical  behavior  studies  were  conducted  on  Nicalon  SiCTCaldum 
Aluminosilicate  (CAS)  coa^)osites.  The  nature  and  the  strength  of  the  fiber^natrix  interface 
were  first  characterized  using  a  variety  of  fiber  indentation  test  methods  and  transmission 
electron  microscopy.  Both  four-point  flexural  test  and  uniaxial  tensile  test  were  then 
carried  out  to  study  the  tensile  stress-strain  behavior,  as  well  as  to  identify  the  failure 
mechanism,  of  unidirectional  SiC/CAS  composites.  A  tensile  test  specimen  was  designed 
in  this  study  to  avoid  end  tab  shear  failure  and  expensive  machining  as  well  as  to  reduce  the 
effect  of  bending  due  to  ntisalignment  Theoretical  predictions  of  the  composite  stiffness 
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reduction  during  damage  evdution  and  experimental  measurement::  were  compared  and 
used  to  provide  more  infcwmation  cunccming  ihe  nature  of  the  interface  in  the  SiO'CAS 
ccMuposite. 

The  study  of  the  mechanical  behavior  was  then  extended  to  (0,90,0)  cross-ply 
laminates  of  Nicalon  SiC'CAS  composite  under  tensile  loading.  The  major  failure  events 
were  identified  as  transverse  cracking  and  edge  delaminatiuo  in  the  90**  ply  and  matrix 
cracking  in  the  0°  ply.  The  evolution  of  these  damages  as  weU  as  the  synergistic  effects 
among  then  were  investigated.  The  effect  of  the  90°  ply  diickness  on  these  damage  modes 
was  also  determined.  The  composite  stiffness  reduction  was  again  evaluated  both 
experimentally  and  theoretically  as  a  function  of  the  extent  of  damage. 

The  results  of  this  work  provide  insight  into  the  stress-strain  behavica*  and  damage 
mechanisms  of  continuous  fiber  reinforced  ceramic  composites  which  can  be  very  valuable 
in  design  with  these  materials.  They  also  lead  to  recommendations  for  material 
improvement 

1.2  MATRIX  CRACKING  IN  FIBER  REINFORCED  CERAMICS 

Yih-Cherng  Chiang 
Tsu-Wel  Chou 

This  work  is  coTiceroed  with  the  critical  stress  at  the  propagation  of  a  fiber-bridged 
matrix  crack  of  arbitrary  length  in  fiber-reinforced  Ixittie  matrix  composites.  The 
formulation  of  the  problem  follows  the  approach  adopted  earlier  by  Marshall,  Cox  and 
Evans  (MCE),  but  a  new  shear-lag  model  that  accounts  for  the  tnatrix  shear  deformation 
above  the  slipping  region  is  used  here  to  derive  the  relationship  between  the  crack  opening 
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displacement  and  the  crack  surface  closure  traction.  The  inclusioa  of  die  matrix  shear 
defcMmation  above  the  slipping  region  significantly  affects  the  calculated  crack-tip  stress 
intensity  factor  and  the  prediction  of  the  cridcal  stress  at  the  piopagadoo  the  crack. 

In  the  MCE  model,  a  sinqile  shear-lag  model  was  used  where  the  matrix  shear 
deformation  above  the  slipping  region  was  neglected.  The  noodel  provided  a  simple  crack 
qiening  displacement  (u)  verse  crack  surface  closure  tractioo  (T)  reladonship  in  the  form  of 
u«>T^.  Thus,  at  the  crack-tip  u=0  and  T=0.  In  reality,  however,  the  bridging  fibers  need 
to  carry  the  additional  load  originally  bom  by  the  matrix.  Hence,  the  crack  surface  traction 
T  cannot  vanish  at  the  crack-tip.  The  present  analysis  has  shown  that  the  new  surface 
traction  T  remains  finite  at  the  crack-tip.  And,  this  significantly  affects  the  calculated  stress 
intensity  factor  and  the  prediction  of  the  critical  stress  ai  the  propagation  of  the  crack. 

A  new  crack  growth  criterion  is  proposed  based  upon  the  fracture  of  the  matrix. 

The  present  model  is  shown  to  reduce  to  the  Aveston,  Cooper  and  Kelly  model  fw  long 
cracks.  But  for  short  cracks,  there  are  differences  between  the  present  model  and  the  MCE 
and  the  McCartney  nnodels.  These  differences  are  discussed  by  means  of  illustrations 
using  three  available  composite  systems  of  SiC/borosilicate,  C/botosilicate  and 
Nicalon/lithium-aiuminosilicate  (LAS)  for  which  experimental  results  have  been  compiled 
from  the  open  literature. 
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1.3  ANALYTICAL  MODELING  OF  THERMAL  SHOCK  RESISTANCE  OF 


LAMINATED  CERAMIC  MATRIX  COMPOSITES 

Yuan  Ruo  Wang 
Tsu-Wei  Chou 

Caiunics  and  ceramic  i  itiix  conqxKitef  bwe  demonstrated  the  desirable 
characteiisdcs  of  high-temperature  strength,  and  resistance  to  creep  and  coirosion.  Bin 
they  also  display  an  unfavorable  property,  namely,  brittleness  or  notch-sensitivity,  which 
can  render  such  materials  highly  susceptible  to  catasnophic  failure  under  thermal  shock. 

Ihe  thermal  shock  resistance  capability  of  monolithic  ceramics  has  been  studied 
since  the  1950s.  Cheng  in  1951,  first  demonstrated  that  the  thermal  shock  resirrance  of 
ceramics  can  be  quantised  by  analyzing  the  nonsteady  state  thermal  stresses  in  the  material. 
The  thermal  shock  resistance  parameter,  R  -  (1  -  u)  aK/oE,  for  the  ceramics  was  prr^scd; 
where  a  is  the  tensile  strength,  v  Poisson's  ratio,  K  the  thermal  conductivity,  a  the  thermal 
expansion  coefficient,  and  I:  Young's  modulus. 

From  a  literature  review,  we  fourxi  that  the  area  of  thermal  shock  resistance  of 
ceramics  and  ceramic  matrix  composites  is  often  one  of  conflicting  results  in  terms  of 
agreement  between  the  experimental  observations  and  theoretical  jnedictions  based  upon 
material  parameters.  Agreement  or  disagreement  between  analytical  calculadcns  and 
experiments  may  be  fottui*^ous  depending  upon  the  particular  values  estimated  fmr  die 
various  propoties. 

The  thermal  response  of  composites  is  an  inqiortant  considerati',ni  not  only  in  their 
fabricadon  and  processing  but  also  for  their  durability  and  long-term  perftnmance. 
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However,  there  is  a  lack  of  basic  iindcr3t?  -Uii\,  of  thermal  shock  resistance  characteristics 
of  SLiiisotropic  materials  or  fibre-reinforced  composites  in  general.  This  investigation  is 
intended  to  provide  some  basic  understartdings  of  thermal  shock  resistance  capability  of 
fibre-reinfuced  composite  laminates  based  upon  both  thermal  stress  aixl  failure  analyses. 
The  thermal  shock  resist;jice  capability  of  laminated  ceramic  ntatrix  composites  has  b^n 
investigated  through  the  study  of  three-dimensional  transient  thermal  stresses  and  laminate 
failure  mechanisms.  A  ( ^  45745°),  SiC/bcrosilicate  glass  laminate  is  utilized  as  a  reference 

coicposite  system  to  demonstrate  the  analytical  results.  The  maximum  allowable 
temperaruie  change,  has  been  taken  as  a  me-asure  of  the  thermal  shock  resistance 

capability  of  ctxnposites.  The  effects  fibre  orientation,  volume  fiaction,  tLcrmal 
expansion  coefficient.  Young's  modulus,  and  thermal  conductivity  on  the  thermal  shock 
resistance  capability,  expressed  in  terms  of  the  maximum  aUowable  temperature  change, 
^^tnax  ’  assessed.  Numerical  computations  are  also  perfeamed  for  six 

composite  systems. 


2.  WHISKER/SHORT  FIBER  REINFORCED  CERAMIC  MATRIX  COMPOSITES 

2.1  MODELING  OF  CRACK  DFFLECTION  IN  WHISKER  REINFORCED 
CERAMIC  MATRIX  COMPOSITES 

Yih-Cbemg  Chiang 
Tsu-Wei  Chou 

In  some  whisker-reinforced  ceramics,  bonding  between  the  whisker  and  the  matrix  is 
weak;  cracks  in  the  matrix  can  be  deflected  along  the  whiskerAnattix  interface.  This  is  an  effective 
mechanism  for  enhancing  the  apparent  fiacture  toughness  of  con^sites  with  brittle  ceramic 
matrices.  For  a  class  of  whisker-reinforced  ceramics  fabricated  by  the  hot-press  procedure,  the 
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distribution  and  orientation  of  whiskers  are  dur;ctionaUy  dependent  As  a  result,  the  apparent 
fracture  toughness  of  the  composite  is  high'y  anisopopic.  This  research  project  is  concerned  with 
the  analysis  of  crack  deflection  effects  in  whisker-reinfOTced  ceramic  composites  with  a  biased 
whisker  orientation  distribution.  Using  a  crack-deflection  model,  the  fracture  toughness 
enhancement  is  examined  n  terms  of  the  volume  fraction,  orientation  distribution  and  aspect  ratio 
of  whiskers. 

For  the  present  problem,  the  size  of  the  main  crack  is  assumed  to  be  much  larger  than  the 
length  of  the  whiskers.  Further,  the  miin  crack  is  assumed  to  be  deflected  locally  in  the  plane 
defined  by  two  neighboring  whiskers,  which  are  assumed  to  have  die  same  diameter  and  ie~gth. 
To  describe  the  geomeirical  relations  between  the  main  crack  plane  and  the  deflected  crack  plane, 
three  independent  parameters  are  introduced,  each  of  which  can  have  some  degree  of  randomness 
depending  on  the  local  whisker  distribution  pattern.  In  order  to  proceed  with  a  stress  analysis  cf 
the  crack  configuration,  the  overall  composite  is  assumed  to  be  a  honxjgeneous  medium,  and  the 
three-dimensional  stress  field  together  with  the  associated  stress  intensity  factors  at  the  deflected 
crack  froiit  are  detennined,  given  the  main  crack-defltctcd  crack  config’  ration. 

A  numerical  procedure  involving  step-increments  is  devised  to  determine  the  increment 
advancements  of  the  deflected  crack  front.  Maximum  toughening  effect  is  reached  when  the 
defi'u:ted  crack  front  is  at  the  position  where  the  associated  strain  energy  rele  ase  rate  beccxnes  a 
minimum.  Since  the  main  crack-deflected  crack  ctmflguration  is  defined  by  three  random 
parametcTS,  a  process  is  employed  to  determine  the  probable  deflection  induced  toughening  by 
considering  all  the  possible  main  crack-deflected  crack  configuratio  is. 

The  anisotropic  fracture  toughness  behavior  of  hot-pressed  composites  has  been  reported 
for  experimental  measurements  and  the  observations  of  fracture  surface  morphology  for  both 
SiC«/Al203  and  SiCwA-ZrOi  coimpositei  A  numerical  procedure  is  established  to  simulate  the 
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fracture  toughness  for  three  disiinct  main  crack  pnspagadon  directions  with  respect  to  the  hot- 
pressing  direction.  Results  of  analysis  have  shown  that  the  fracture  toughness  values  are  sensitive 
to  no»  only  the  aspect  ratio  and  volume  fraction  of  whiskers,  but  also  the  relative  orientations 
between  the  crack  plane  and  whiskers.  The  simulated  fracture  toughness  results  are  then  compared 
with  the  experimental  data  of  SiC  whisker  reinfOTced  AI2O3. 

2.2  HIGH  TEMPERATURE  FRACTURE  MECHANISMS  IN  WHISKER 
REINFORCED  CERAMIC  MATRIX  COMPOSITES 

Andrew  A.  Wereszczak 
Azar  Parvizi-Majidi 

The  overall  objective  of  this  research  was  to  examine  the  behavior  of  fracture  mechanisms  in 
whisker  or  short-fiber  reinforced  ceramic  composites  subject  to  fracture  at  high  temperatures. 
Practure  or  toughening  mechanisms  are  grouped  into  two  categories;  (1)  crack-tip  mechanisms  are 
those  that  perturb  the  path  of  a  naturally  propagating  crack  front  and  may  be  iixluced  by  fibers 
perpendicular  to,  or  in,  the  crack  phne,  and  (2)  crack-wake  mechartisms  which  are  those  that 
reduce  the  stress  intensity  at  the  crack  front  by  reducing  the  crack  caning  displacement  and  may 
be  induced  by  only  perpendicularly  oriented  fibers. 

In  this  work ,  two  different  composite  systems  were  chosen  to  examine  either  the  crack-tip  or 
aack-wake  toughening  raechar.  '>ms.  A  commaeiaily  available  hot-pressed  SiC-whisker  /  AI2O3 

cotiqsositc  was  fractured  at  high  ternperptjres  to  investigate  the  crack-tip  fracture  mechanisms  arid 
an  Al203-shott  fiber  /  COTdiCTitc  composite  was  selected  and  fabricated  to  examine  crack-wake 

i-'iechanisms,  both  during  high  temperature  fracture. 
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The  Al203-shcrt  fiber  /  conherite  composiiB  was  fabricaied  by  extiusioa  in  order  to  achieve  a 

virtually  one-dimensional  alignment  of  the  fibers  since  transverse  isotropy  such  as  observed  in  the 
hot-pressed  SiC-whisker  /  AI2O3  composite  introduces  coupling  or  interaction  of  the  crack-tip  and 

crack-wake  mechanisms,  hence  complicating  the  study  of  each  toughening  mechanism. 

AU  composite  samples  were  chevron-notched  and  loaded  in  four-pt^t  bending  to  induce 
stable  oack  propagation  for  toughness  determination.  Fractography  was  conducted  00  the  broken 
specimens  by  mc^ns  of  scanning  election  microscopy. 

In  the  hot-pressed  SiC-whisker  /  AI2O3  composite,  -nek  deflection  (a  aack-tip  toughening 
mechanism)  was  observed  depend  on  the  specimen  orier  ition.  The  toughness  was  approximately 
30%  less  when  v  hiskers  were  orien»I  parallel  with  the  crack  propagation  direction  than  when 
they  were  predominantly  peipcndictilar  to  the  crack  propagation  direction. 

Also  in  SiC-whisker  /  AI2O3  composites,  the  cfTec  if  a  relatively  slow  crack  propagation 
rate  at  fracture  temperatures  excess  of  120O’C  appeared  k>  have  permitted  mere  extensive  length 
of  pullout  and  therefore,  entek  bridging  (both  crack-wakr^  toughening  mechanisms).  This  may  be 
attributed  to  iessenir  of  radial  compressive  stresses  on  the  whisker  by  either  a  change  in  the 
thermal  expansion  mismatch  or  softening  of  an  amorphous  interphase  between  whisker  and  matrix. 
This  effect  is  being  nxxkUed  as  drag  flow  between  concentric  cylinders,  separated  by  a  viscous 
media.  To  complement  this  model,  an  extruded  composite  was  fabricated  containing  short  alumina 
fibers  «rith  an  anxxphous  silica  coating  in  a  cordierite  matrix..  Bend  bars  of  this  composite  are 
chevron-notched  and  fractured  at  pnedetermijied  temperatures  10  allow  for  crack  propagation 
perpendicular  to  the  one-dimensionally  aligned  shoft-fiben  in  the  presence  of  a  softened 
interphase.  Thus,  crack-v  Jee  mechanisms  (bridging  and  pullout)  may  be  investigated  without  the 
complicated  aack-tip  interactions  associattd  with  the  transversely  isotropic  SiC-whisker  /  AI2O3 

composite  svsietn. 
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2J  CREEP  BEHAVIOR  OF  SIC  WHISKER  REINFORCED  AI 2O3 
COMPOSITES 


David  S.  Liu 
Azar  Parvizi'Majidi 

High  tempenture  creep  sests  were  conducted  on  a  siberso  carbide  whisker  reinforced 
alunrinum  oxide  composite  in  an  air  environment  Three  modes  of  testing  were  employed  for  the 
studies:  flexure,  compression,  and  tension.  Test  temperatures  ranged  firom  1 150  to  1350°C,  and 
stresses  ranged  from  80  to  250  MPa. 

Flexural  creep  behavior  was  dictated  by  the  nucleation,  growth,  and  coalescence  of  creep 
cracks  on  the  tensile  surfaces  of  the  specimens.  Coarse-grained  processing  inhomogeneities 
served  as  the  origins  of  these  cracks.  Crack  deflection  and  whi.sker  bridging  were  operant  as 
toughening  mechanisms  under  creep  loading  conditions. 

Cofi^ressive  creep  tests  were  used  to  elucidate  "intrinsic"  creep  mechanisms,  or 
mechanisms  of  deformation  other  than  creep  cracking.  Models  were  developed  which  showed  that 
^  creep  strain  rate  was  proportiona]  to  the  impurity  content  and  decreased  with  increasing  marrix 
grain  size  and  whisker  volume  fraction.  Low  rates  of  dilfiisiod  aixl  the  suppression  of  grain 
boundary  slidirg  in  the  composites  were  used  to  explain  discrepancies  between  ptedicted  and 
measured  unreinforced  matrix  strain  rates. 

Tensile  creep  tests  revealed  a  critical  stress  below  which  creep  was  locomnxxlated  and 
deformation  occurred  without  cracking;  above  this  stress  of  approximately  !00  MPa,  slow  crack 
growth  of  a  single  crick  caused  failure  of  the  tensile  speciflient. 


2.4  MODELING  OF  CREEP  OF  SHORT  FIBER  REINFORCED  CERAMIC 

COMPOSITES 

John  R.  Pachalis 
Yuan  Ruo  Wang 
Tsu-Wei  Chou 

Several  analyses  have  been  reported  in  the  literature  for  modeling  dy;  steady-state  CTeep 
deformation  of  fiber  reinforced  composites.  Most  of  these  works  are  concerned  with  polymer  and 
metal  matrix  composites.  Many  analyses  assume  that  there  is  a  perfect  bond  at  the  fiber/mathx 
interface.  However,  in  ceramic  matrix  composites,  it  is  often  desirable  to  minimize  the  chemical 
bofxls  at  the  fiber/matrix  interface  in  order  to  improve  the  composite  toughness.  Thus,  sliding  will 
occiu- along  the  interface.  Next,  the  fiben  are  often  assumed  to  be  rigid  and  do  not  creep.  Other 
researchers  assume  that  there  is  a  fiber  creeping  length  where  the  fiber  and  matrix  are  creeping  at 
the  same  constant  rate.  Outside  of  this  length,  the  fiber  is  assumed  to  be  rigid.  Also,  the  existing 
analyses  in  the  literature  often  assume  that  the  matrix  does  not  cany  the  applied  load;  the  fiuiction 
of  the  matrix  is  merely  for  transferring  the  load  to  the  fibers  through  its  stress  relaxation  due  to 
creep. 

The  purpose  of  this  research  effon  is  therefore,  for  the  better  understanding  of  the  creep 
behavior  of  ceramic  matrix  composites  through  analysis  and  modeling.  We  first  established  a 
model  to  predict  the  steady-state  creep  behavior  of  aligned  short-fiber  reinforced  cqamic  matrix 
composites.  The  approach  is  based  on  an  advanced  shear-lag model.  The  analysis  incorporates 
some  unique  characteristics  of  ceranuc  matrix  composites,  such  as  the  fiberAnatrix  interface  sliding 
effect,  sliear  and  axial  loads  carried  by  the  matrix,  and  the  fact  that  both  the  fibers  and  matrix  creep 


at  elevated  temperatures,  ^veral  parameters,  such  as  fiber  volume  fraction,  fiber  aspect  ratio  and 
the  sliding  faaor  at  the  interface,  are  varied  to  determine  their  effea  on  creep  behavior. 

Next,  the  steady-state  creep  behavior  of  misaligned  shon  fiber  reinfcrced  ceramic 
composites  has  been  investigated.  The  approach  is  based  upon  an  advanced  shear-lag  nxxiel  and 
uses  the  muldaxial  creep  law  for  the  fiber  and  matrix.  It  has  been  concluded  that  the  creep  rate  is 
most  sensitive  to  low  values  of  the  coefficient  of  sliding  frictioo,  fiber  volume  fraction,  and  fiber 
aspect  ratio,  and  for  misorientation  angles  from  10°  to  60^. 

Hnally,  the  modeling  analysis  has  been  extend  to  consider  creep  of  randomly  oriented  short 
fiber  reinforced  ceramic  matrix  composites. 

3.  PROCESSING  OF  CERAMIC  MATRIX  COMPOSITES 

3.1  MODELING  OF  CHEMICAL  VAPOR  INFILTRATION  (CVI)  IN 

CERAMIC  COMPOSITES  FABRICATION 

Nyan'Hwa  Tai 
Tsu-Wei  Chou 

The  objective  of  this  work  is  to  analyze  and  model  the  chemical  vapor  infiltration  (CVI) 
process  in  ceramic  composites  fabricatim.  hi  order  to  gain  some  fundamental  understanding  of  the 
CVI  process,  two  model  have  been  proposed  for  both  the  traditional  (isothe<mal)  process  and  the 
in^noved  (pressure  and  temperature  gradients)  process. 

The  first  model  for  CVI  process  is  applied  to  investigate  the  matrix  growth  within  a  ceramic 
fiber  bundle  which  is  situated  in  an  isothermal  reactor.  The  second  model  is  applied  to  investigate 
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the  fabrication  process  of  a  woven  fibrous  preform  which  is  situated  in  a  reactCH'  with  pressure  and 
temperature  gradients. 

In  the  first  model,  the  pore  space  between  the  fibers  is  simulated  by  cylindrical  capillary 
tubes.  The  model  considers  binary  diffusion  of  C02  and  H2,  chemical  reaction  on  the  inner 
surface  of  the  tube,  and  deposition  film  growth.  Furthermore,  diffusion-controUed  and  chemical- 
reaction-controlled  processes  are  taken  into  account  to  determine  the  dominating  process  in 
chemical  vapor  infiltration.  Both  molecular  diffusion  and  Knudsen  diffusion  are  considded 
sequentially  in  this  model  during  the  infiltration  process. 

The  paramcrers  considered  in  the  second  model  include  concentration  of  the  vapor  species, 
pressure  gradient  between  the  inlet  and  the  outlet  temperature  boundary  conditions,  thermal 
properties  of  the  fibrous  preform,  fiber  diameter,  fiber  content,  and  the  spatial  arrangement  of 
fibers  in  the  preform.  Furthermore,  a  3*D  unit  cell  has  been  adopted  for  simulating  the  fiber 
arrangement  in  the  prefOTtn;  and  the  Darcy's  law  is  applied  to  simulated  the  flow  field  in  the  fibrous 
preform. 

According  to  the  results  of  the  first  model,  the  matrix  growth  history,  density  and  porosity 
of  the  final  product,  and  the  influence  of  reactor  temperature  to  final  deposition  profile  can  be 
predicted.  Furthermore,  based  upon  the  definition  of  the  Sherwood  number,  the  relationship 
between  the  reactor  condition,  porosity  of  final  product  and  the  toui  processing  time  can  also  be 
predicted. 

The  analytical  results  of  the  second  model  indicate  that  the  final  density  distributioti  of  the 
composite  is  highly  influenced  by  the  position  of  the  heating  elements  in  the  rt^tor.  Based  upon 
this  approach,  the  final  density  and  total  process  time  of  ceramic  composites  fabricated  by  the 
ioiprovcd  CVI  process  can  be  predicted. 


3.2  SOL-GEL  PROCESSING  OF  TEXTILE  CERAMIC  MATRIX 
COMPOSITES 

Sujata  Jagota 
Azar  Parvizi-Majidi 
Tsu-Wel  Chou 


Sol-gel  derived  matrices  of  silica,  aluminosilicate  or  borosiHcate  based  compositions  were 
incorporated  into  3-dimensional  woven  prefcxms  of  Nextel  and  Tyranno  fiber  by  an  infiltratkm 
prcxcss  under  suction  and  pressure.  The  composites  were  hot  pressed  at  1 100-1500“C  to  achieve 
final  consolidation.  The  green  structure  of  the  composite  was  optimized  for  high  green  densities 
and  homogeneity  of  filling  by  varying  the  sdids  content  of  the  sol,  adding  colloidal  particles  to  the 
infiltrate  and  taikmng  the  pore  size  distribution  within  the  prefonn.  The  chemical  composition  and 
microstructure  of  the  matrix  could  also  be  tailored  to  achieve  the  right  consolidation  conditions 
with  a  glassy  state  present  dining  hot  pressing  with  subsequent  crystallizador.  tor  better  refractory 
properties.  Two  such  systems  were  studied:  an  aluminosilicate  gel  and  a  borosilicate-muUite  gel. 
The  composite  was  characterized  for  final  density,  mechanical  strength  and  microstructurc  of 
matrix. 
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